Experts working on behalf of international development organisations need better tools to assist land managers in developing countries maintain their livelihoods, as climate change puts pressure on the ecosystem services that they depend upon. However, current understanding of livelihood vulnerability to climate change is based on a fractured and disparate set of theories and methods. This review therefore combines theoretical insights from sustainable livelihoods analysis with other analytical frameworks (including the ecosystem services framework, diffusion theory, social learning, adaptive management and transitions management) to assess the vulnerability of rural livelihoods to climate change. This integrated analytical framework helps diagnose vulnerability to climate change, whilst identifying and comparing adaptation options that could reduce vulnerability, following four broad steps: i) determine likely level of exposure to climate change, and how climate change might interact with existing stresses and other future drivers of change; ii) determine the sensitivity of stocks of capital assets and flows of ecosystem services to climate change; iii) identify factors influencing decisions to develop and/or adopt different adaptation strategies, based on innovation or the use/substitution of existing assets; and iv) identify and evaluate potential trade-offs between adaptation options. The paper concludes by identifying interdisciplinary research needs for assessing the vulnerability of livelihoods to climate change.
Introduction
The impacts of future climate change on many ecosystem services 1 are uncertain, but it is clear that those who depend most on natural resources are likely to be most severely affected (e.g., African Development Bank et al., 2003; Burton et al., 2002; Simms et al., 2004) . Although the challenges of climate change may seem distant and marginal compared to poverty alleviation and economic development in the developing world, there is a growing recognition that poverty and the impacts of climate change are closely interconnected, e.g., impacting upon land availability (due to sea-level rise), water availability for rain-fed agriculture and reducing production in fisheries due to the emergence of new diseases and other factors (Schipper and Lisa, 2007) . It is also recognised that both these issues are inextricably linked to land degradation and sustainable land management (UNCCD, 1994) . Unless we can better understand what the future might hold and how to prepare for it, we could see major disruptions to ecosystem services that could threaten existing livelihoods and further increase the vulnerability of the poor to climatic and other future changes, e.g., related to globalisation (Davidson et al., 2003; O'Brien et al., 2007) . This presents a challenge for experts working on behalf of international development organisations, who need better tools to assist land managers in developing countries maintain their livelihoods, as climate change puts pressure on the ecosystem services that they depend upon. However, existing analytical frameworks struggle to deal with the complex interactions between climate change and other existing or future stresses, or to explain how vulnerability may be mediated by new adaptations to climate change. Theory is also split over how these adaptations are likely to emerge and how they are likely to be adopted by the sorts of communities in the developing world that often make their livelihoods from a highly dynamic and heterogeneous resource-base. Although the sustainable livelihoods framework (Carney, 1998; Scoones, 1998) offers many useful insights, it also has a number of limitations (e.g., Small, 2007) , and has rarely been used to assess the vulnerability of rural livelihoods to climate change. This paper therefore explores synergies between this and other widely used analytical frameworks, with the goal of developing an integrated framework for assessing livelihood vulnerability to climate change. To do this, we first describe and compare a number of relevant analytical frameworks. Next, we draw these together into a novel integrated analytical framework. We then use this framework to identify research needs and relevant methods by development practitioners and others to operationalise the framework. The paper draws on case study research from southern Africa, where the challenge of tackling climate change in combination with poverty, land degradation and loss of biodiversity, is particularly acute.
Analytical Frameworks to Understand Livelihood Vulnerability to Climate Change
There are many different interpretations of the concept of vulnerability in relation to climate and other environmental changes (e.g., Adger, 2006; Bohle et al., 1994; Downing et al., 2005; Holling, 1986; IPCC, 2001a IPCC, , 2001b Kasperson et al., 1995; Kelly and Adger, 2000; Smit and Wandel, 2006; Wisner et al., 2004) . Whilst there is little consensus about its precise meaning (Gallopin, 2006) , the concept usually relates to the degree to which a human social and/or ecological system will be affected by some form of hazard (Turner et al., 2003) . Hazards can take the form of perturbations, which are major spikes in some kind of pressure (e.g., hurricane and sudden global economic crisis), or stresses, which are continuous slowly increasing pressures (such as soil degradation). In addition, some spikes may have a cumulative effect, especially when added to underlying pressures. Hazards can arise from both within and outside the system of study Turner et al., 2003) . Vulnerability also does not always have negative connotations, and can be expressed as a positive, such as the degree to which a social group can emerge from poverty (Gallopin, 2006) .
Despite numerous interpretations, the literature consistently considers vulnerability of any system to be a function of three elements: exposure to a hazard; sensitivity to that hazard, and the capacity of the system to cope, adapt or recover from the effects of those conditions (Smit and Wandel, 2006) . Exposure is the degree, duration, and/or extent in which the system is in contact with, or subject to, the disturbance ; sensitivity is the degree to which a system is modified or affected by a disturbance (Gallopin, 2006) ; and the capacity to respond (also known as adaptive capacity) is the ability of a system to cope or recover from the disturbance (Smit and Wandel, 2006) . Gallopin (2006) gives an example of the effects of flooding on a community where the most precarious homes are hit harder by a flood than the more solid ones (sensitivity); the poorest households are often located in the places most susceptible to flooding (exposure); and families with greater resources are in better position to repair water damage or move elsewhere (adaptive capacity). The combination of the three elements therefore determine the degree to which a household, community, or system is vulnerable to changing climatic conditions. These elements are usually incorporated into vulnerability assessments in one way or another (e.g., IPCC, 2001a IPCC, , 2001b Metzger and Schroter, 2006) .
There are many approaches to assessing vulnerability to climate change (e.g., Fussel and Klein, 2006; IPCC, 2001a IPCC, , 2001b Metzger and Schroter, 2006) . Fussel and Klein (2006) suggest four stages assessing vulnerability to generate more effective adaptation policies: initial impact assessment (evaluation of the potential effects of climate change scenarios which affect the degree of exposure of the system being assessed); first and second generation vulnerability assessments (evaluation of climate impacts in terms of their relevance for society and consideration of potential and feasible adaptive capacity); and adaptation policy assessments (evaluations to provide specific recommendations to planners and policy-makers). At the scale of local communities, vulnerability assessments typically involve ethnographic methods to identify and document the conditions or risks people have to deal with, cataloguing how they have adapted to previous perturbations. This may then be combined with information from other researchers and policy analysts to help identify future exposures and sensitivities and the ways that it may be possible to help communities plan for or respond to these conditions (Smit and Wandel, 2006) .
Vulnerability assessments do often take into account livelihoods and/or the factors that are likely to constrain or influence the way in which adaptation may occur. However, as yet there has been no framework proposed to specifically analyse the vulnerability of livelihoods to climate change per se, or that integrates different analytical frameworks to help understand different aspects of vulnerability to climate and other types of changes and the interactions between these drivers of change. To do this, the rest of this paper therefore integrates a number of commonly used analytical frameworks that have not previously been brought together: sustainable livelihoods, ecosystem services, diffusion theory, social learning, adaptive management and transitions management. Each of the frameworks contribute in different ways to a more holistic and comprehensive approach to assessing and reducing the vulnerability of livelihoods to climate change. In the following sections, each framework is described and compared in turn, pairing frameworks that contain the most conceptual overlap, and moving from frameworks that consider vulnerability at micro-scales to meso-and macro-scales. The final part of this section then compares and integrates the insights that emerge from this analysis, as the basis for the integrated framework that is proposed in the following section of the paper.
Sustainable Livelihoods Framework and Ecosystem Services
The sustainable livelihoods framework is particularly relevant to understand vulnerability to climate change because it provides a framework for analysing both the key components that make up livelihoods and the contextual factors that influence them. Both of these relate closely to the elements that make a household or community more sensitive or exposed to the effects of a changing climate and affect their ability to cope with environmental change (Eakin and Luers, 2006) . There is, for example, a growing appreciation of the links between climate change and poverty, which explores how livelihoods might be affected (Ziervogel et al., 2006) . Climate change can disrupt established ecological and land use systems, which in turn can compromise food and water supplies, which in turn impact upon livelihoods. For example, changes in seasonality may determine whether wetlands become affected by salinisation, rendering the soil infertile (Jin, 2008) . Through the impacts of climate change on ecosystem services, livelihood options can be reduced and poverty increased. This then has further impacts on the adaptive capacity of households when they are faced with other perturbations or stresses.
The sustainable livelihoods framework is based on understanding people's access to assets that typically include natural, human, social, physical and financial capital. Other assets are increasingly being used in such analyses, such as information, cultural/traditional and institutional assets (e.g., Cochrane, 2006; Odero, 2008) . Access to these assets are then analysed in relation to the context of that livelihood (e.g., climate, demography, history and macro-economic conditions), institutional and social processes (e.g., organisational arrangements and land tenure), and the livelihood strategies that are used (combinations of activities people choose to undertake to achieve their livelihood goals). Interventions to reduce poverty can then be based on an improved understanding of the livelihoods they are designed to protect and enhance, and the interacting factors that influence them. Although all capital assets are substitutable in the sustainable livelihoods framework (see below), proponents of "strong sustainability" approaches argue that for a livelihood to be truly sustainable, it must maintain critical levels of natural capital (Ekins et al., 2003) . However, this tends to be overlooked in the sustainable livelihoods framework, which tends to focus on people's access to capital assets and the resulting flow of services they can benefit from, rather than considering the overall stocks of those assets and associated services.
There are a number of ways in which the sustainable livelihoods approach may be used in climate change vulnerability analyses. First, the framework provides the basis for understanding how livelihood strategies can build adaptive capacity to enable people to better cope with change, and diversify their activities to increase resilience to unforeseen future change. The framework, for example, helps explain how livelihoods adapt to shocks, seasonality and economic or resource trends, and how their vulnerability may be reduced, for example through building social capital, increasing the flow of information about new technologies or by improving access rights to alternative grazing areas during drought (Adger, 2003; Kelly and Adger, 2000; Smit and Pilifosova, 2001; Yohe and Tol, 2002; Ziervogel et al., 2006) . The asset-based framework helps identify ways capital can be used to cope in the short term, or ways capital can be used to prepare for future problems (e.g., financial capital to purchase crop insurance) and/or how capital assets can be substituted to adapt to changing circumstances (e.g., substituting natural for social capital by moving cattle to unaffected areas during drought and allowing relatives to use milk and keep calves). Complementary bundles of adaptation strategies based on available assets that provide livelihood options can therefore be developed using overlapping combinations and/or substitutions of capital assets.
Second, the framework recognises that different stakeholders are affected by climate change in different ways and have different capacities to adapt, depending on their reliance on and access to capital assets (e.g., Carr, 2008; Ziervogel et al., 2006) . As a result, participatory, people-centred and action research approaches are often used in sustainable livelihoods research and practice to build adaptive capacity to different and dynamic livelihood contexts (e.g., Ashley, 2000; Small, 2007) .
Third, the framework emphasises the need to address the underlying causes of weak adaptive capacity, such as the inability to access inequitably distributed resources (Kelly and Adger, 2000) . This recognises that it is often access to capital assets that is most limiting to livelihoods, rather than the total stock of an asset that is theoretically available. To alter access to these assets may require adaptation of the formal and informal institutions that constrain and shape social behaviour and the institutional rules that affect negotiation and the performance of power (McGuire and Sperling, 2008; Pelling et al., 2008) . Such adaptations to institutions have the potential to facilitate cross-scale solutions (Adger et al., 2005; Stringer et al., 2009; Thomalla et al., 2006) . Despite these characteristics, there have been few attempts to use the sustainable livelihoods framework to assess vulnerability to climate change. An exception is Reid and Vogel (2006) , who used the framework with small-scale farmers in South Africa. The research showed that whilst periods of drought and floods always occurred in the study region, it was not only the stresses associated with climate that were undermining community and household adaptive capacity and local development. Instead, other factors, including institutional organisation, access to information and governance in the area were also reducing the ability of farmers to secure sustainable livelihoods in the context of climate change. The study highlighted the complexity and variability in the factors driving responses and adaptations to risk, including those associated with climate. The authors found that the use of the sustainable livelihoods framework helped them to understand the multiple stressors that governed the flow of the various assets 'in' and 'out' of communities, which they argued was essential for developing effective regional and global climate change initiatives (Reid and Vogel, 2006) .
Although the sustainable livelihoods framework has been widely adopted by donors and NGOs in relation to development (e.g., Carney, 1999; IUCN, 2007; ODI, 2000; UNDP, 1999) , there are a number of general criticisms. These include its inability to capture the dynamism in capital assets over time, the high levels of resourcing and skills required to implement the framework on the ground, and insufficient attention to the often complex ecological consequences of livelihood adaptations (Ashley, 2000; Small, 2007) .
In addition to these concerns, the focus on capital assets in the sustainable livelihoods framework emphasises stocks of assets, rather than the flow of services that those assets provide. This is particularly important for natural capital, as the flow of services may change substantially in response to climate change, without necessarily altering overall stocks of natural capital. For example, whilst increased drought would deplete carbon stocks in peatlands, increased precipitation may increase fluxes of the Greenhouse Gas methane to the atmosphere without depleting carbon stocks (Clark et al., 2010) . Similarly, it may be possible to maintain timber stocks in a forest under climate change by under-planting with exotic species that are better adapted to the future climate, but this may lead to a loss of provisioning and cultural services from the forest, e.g., non-timber forest products, biodiversity and recreational benefits. This distinction between stocks of natural capital and flows of ecosystem services is particularly pertinent to developing world contexts where livelihoods are often highly dependant on provisioning services.
The ecosystem services framework provides a way to analyse the vulnerability of livelihoods to changes in both stocks and flows of natural capital. This framework groups ecosystem services as: supporting services (necessary for the production of other ecosystem services, e.g., soil formation, photosynthesis and nutrient cycling); provisioning services (ecosystem products, e.g., food, fibre and water); regulating services (including process such as climate stabilisation, erosion regulation and pollination); and cultural services (non-material benefits from ecosystems, e.g., spiritual fulfilment, cognitive development and recreation) (Millennium Ecosystem Assessment, 2003) . This body of work emphasises the dependence of human well-being on natural capital. Although it aims to conceptualise the "complex links between ecosystems and human wellbeing" (p34), it only covers natural capital and does not consider the role of adaptation strategies based on human, physical, social or financial capital to protect human well-being in the face of future change. In response to this, Turner and Daily (2008) developed an ecosystem services-based decision support process that attempts to consider the social, economic and politico-cultural context of ecosystem services. They recognise that different stakeholders are likely to value ecosystem services differently, and emphasise the importance of stakeholder perceptions, property rights and institutions in the management of ecosystem services. This in turn stresses the need for participatory approaches and community-based governance over ecosystem service management.
If, as the ecosystem services framework suggests, livelihoods are ultimately dependent on ecosystem services derived from stocks of natural capital, then a sustainable livelihood must maintain critical stocks of natural capital (Ekins et al., 2003) . This suggests that to assess the viability of adaptation options, it is necessary to determine whether they threaten critical levels of natural capital and the long-term viability of associated ecosystem services. Indicators with thresholds have been developed for a range of ecosystem services to date (e.g., Lu and Chang, 1998; Schroder et al., 2004) , and using a chosen climatic base-line, they could be adjusted and used to help ensure that adaptation does not simply put off or create new problems. For example, adaptations that involve agricultural intensification may increase diffuse pollution of water courses -something which is currently being measured by a number of indicators with thresholds (e.g., trends in nutrient concentration levels) under the Water Framework Directive in Europe.
Social Learning and the Diffusion of Innovations
Early adaptation studies applied climate scenarios based on downscaled global circulation models to determine likely impacts, and assumed that adaptation was a function of available technology and knowledge (Burton et al., 2002; van Aalst et al., 2008) . However, these top-down approaches failed to consider local constraints to the adoption of adaptation technologies (e.g., access, cost and the necessary skills), or the influence of local socio-economic, cultural and political contexts on adaptation choices (van Aalst et al., 2008) . In response to this, more bottom-up approaches started to identify locally relevant adaptations through engagement with stakeholders, for example UNDP's (2005) Adaptation Policy Frameworks for Climate Change. Much of this work focussed on investigating how people and systems respond and adapt to past and current climate variability and extremes (e.g., Adger, 2003; Adger et al., 2005; Berkhout et al., 2006; Conway et al., 2005; Kahn, 2003; Mortimore and Adams, 2001 ). However, the uncertainty of future climate change calls into question the assumption that past and current practice will be relevant under future conditions . For this reason, there is increasing interest in international knowledge exchange between land managers, so that communities experiencing new conditions due to climate change can learn from those elsewhere who have for generations adapted to such climatic conditions Reed et al., 2011, in press; WOCAT, 2007) . To facilitate this knowledge exchange, it is essential to know about the sensitivity of adaptive land management practices to climate variability and climate extremes. This requires proper assessment and documentation, such as is being carried out by the World Overview of Conservation Approaches and Technologies (WOCAT, 2007) . However, although existing strategies are likely to have benefits under moderate climate change in some systems, there may be limits to their effectiveness under more rapid and severe climate change (Howden et al., 2007) , or when combined with other underlying pressures, such as armed conflict or the expansion of built infrastructure. For example, Stringer et al. (2009) propose reducing institutional barriers to the traditional "mafisa" livestock movement system in southern Africa, to facilitate movement to non-affected areas during drought via social networks. However, if the predictions of are correct, the currently stable Kalahari dunefield will gradually remobilise over this century due to increasing aridity and livestock production on any scale will become unviable. Fig. 2a and b shows typical images of cattle herding and dune encroachment in the SW Kalahari, Botswana. Although this is an extreme example, it emphasises the need to innovate in addition to building on past and current adaptations.
Innovation may be particularly important in the development of adaptation options that can simultaneously reduce poverty and vulnerability to climate change. Innovation in this context means "an idea, practice, or object that is perceived as new by an individual or other unit of adoption" (Rogers, 1995: 11) . Innovative adaptation options may include new ways of using and/or combining existing capital assets, for example transporting livestock and well water to ungrazed pasture on a daily basis (Reed, 2007) . Alternatively, innovation may focus on the realisation of untapped capital assets, including the realisation of new ecosystem services. For example, planting deep-rooted Shepherd trees (Boscia albitrunca; Fig. 2c ) on Kalahari rangeland that has been cleared after bush encroachment could enhance livelihoods and reduce vulnerability to climate change by providing year-round tree fodder for livestock whilst enhancing biodiversity and carbon storage (B. albitrunca is the deepest rooting tree in the world, reaching up to 68 m; Canadell et al., 1996) . In this context, climate regulation through carbon storage is a currently untapped ecosystem service that could finance this sort of ecological restoration through access to funds from carbon markets. Equally, by monetising and measuring carbon in this way, it may be possible to also account for losses of carbon from the system (e.g., losses of soil carbon) due to climate change or inappropriate management.
A large body of work exists to evaluate, refine and disseminate innovative adaptation options. Much of this work has focussed on agricultural innovations and soil and water conservation. Rogers (1995) describes adoption as a five step "innovation-decision process" in which farmers: i) gain knowledge of an innovation; ii) seek information about the likely consequences of adoption and form an attitude towards it; iii) decide to adopt or reject the innovation; iv) implement the innovation; and v) confirm their innovation decision by seeking reinforcement, and discontinue it if exposed to conflicting experiences and messages. Rogers (1995) also identified five key perceived characteristics of innovations that determine their adoption potential: relative advantage, trialability, compatibility, observability and complexity. The most significant of these for adoption are usually high relative advantage, high compatibility and low complexity (Tornatzky and Klein, 1982) . Reed (2007) added adaptability: the extent to which an innovation can be adapted to meet dynamic, and sometimes unforeseen user demands and specifications. Furthermore, Reed (2007) integrated the innovation-decision process with the sustainable livelihoods framework, suggesting that the need to innovate was stimulated by farmer needs and aspirations, which in turn were influenced by their changing endowment and access to capital assets. At the same time, the perceived risk associated with an innovation is negatively related to its rate of adoption. Perceived risk is the degree to which economic, social, physical, and functional risks are perceived as being associated with the innovation (Slovic, 1987) . Risk perception is influenced by the interaction of individual psychological, social and other cultural factors, and the subsequent behaviour of individuals and groups may further affect the way these risks are perceived Kasperson et al., 1988) . These sorts of approaches stand in contrast to traditional economic approaches, which tend to assume that people have complete knowledge of the system within which they are adapting, and apply this knowledge through economically rational behaviour to optimise profits (Ellis, 1988; Parker et al., 2008) . Although diffusion theory offers a number of benefits to assessing the suitability of potential adaptations, like many forms of vulnerability assessment it has been criticised for being a highly structured and top-down tool that tends to be used by the powerful to influence (or perhaps even manipulate) others. It also assumes that well-connected social networks exist through which innovations can diffuse, which is not always the case.
Given the role of social structures in mediating the exchange of knowledge and behaviour change, there is now growing interest amongst the research and development communities in the role that social learning might play in developing and diffusing adaptations to climate change. Reed et al. (2010) argue that to be considered "social learning", a process must: (1) demonstrate that some depth of conceptual change or change in understanding has taken place in the individuals involved; (2) demonstrate some degree of breadth for this change to go beyond individuals and become situated within wider social groups within society; and (3) occur through social interactions and processes between actors within a social network. Such learning is typically accompanied by individual and group reflection about adaptations, and iterative attempts to apply what is learned, making incremental changes to the socio-ecological system (Daniels and Walker, 2001; Forester, 1999; Keen and Mahanty, 2006; Schusler and Decker, 2003) . Pelling et al. (2008) argue that adaptive behaviour is by definition a form of learning. As such, they argue that it is essential to understand the processes through which people learn how to adapt. Drawing on social learning theory, they propose that to develop innovative adaptation options and permit their wider diffusion, it is necessary for institutions to create "spaces" in which individuals and groups can experiment, communicate, learn and reflect on new ideas. It should be noted that since social learning takes place through interaction within social networks, certain characteristics of social networks can hinder or promote the development and dissemination of adaptation options (Pelling and High, 2005; Prell and Bodin, 2011) . For example, social networks may rapidly diffuse effective and socially acceptable adaptations but social norms or traditional taboos may prevent the adoption of other adaptations. Literature on the role of social networks in facilitating social learning about adaptations suggests an important role for knowledge brokers who bridge a number of generally disconnected social networks and can facilitate the spread of ideas from one social group to another (Prell and Bodin, 2011) . By framing innovations in ways that are more readily understood and adopted by others in their social network, these key individuals can facilitate more a bottom-up diffusion of innovations than is typically seen in approaches following diffusion theory.
Transitions Management and Adaptive Management
Until now, the scale of analysis for the analytical frameworks that have been discussed has been primarily at the micro-scale of households and individuals. Transitions management and adaptive management view adaptation to climate change at meso-and macro-scales, in the wider context of the socio-ecological and political systems within which livelihoods operate. The transitions management literature considers adaptation to climate change as a transition towards a more sustainable socio-ecological system (Rip and Kemp, 1998) . Building on diffusion theory, such a transition may be stimulated through innovation (as new adaptations arise) and managed through environmental policy. Policy options are appraised through a process of "experimentation" that evaluates the capacity for new adaptation options to create "transition pathways" towards a system that is less vulnerable to climate change. These macro-scale policy experiments typically involve collaboration between technology developers, industrial partners, local authorities and community groups, and are designed to test the socio-technical feasibility and social acceptability of proposed transition paths. This policy-making process is designed to be participatory, where a small group of innovative stakeholders can learn together (in a "transitions arena") about future opportunities (van der Brugge and van Raak, 2007) . The transitions management framework has been used successfully in Dutch environmental policy (Kemp and Rotmans, 2005; Rotmans et al., 2001) , and has the potential to develop and embed new adaptations to climate change within national policy, for application at broad spatial scales. However, transitions management has been criticised for ignoring the influence of changing contexts as systems move along transition paths, and down-playing the role of power relations in the policy-making process (Kern and Smith, 2007; Smith et al., 2005) .
Transitions management shares a number of similarities with experimental and participatory approaches to decision-making in adaptive management (Foxon et al., 2009) . Adaptive management views climate change in the context of dynamic, self-organising complex socio-ecological systems (Bavington, 2002; Levin, 1992) . It acknowledges the limits to predictability (Levin, 1999) , and accepts that knowledge about social and ecological systems is both uncertain and pluralistic (Carpenter and Gunderson, 2001 ). This in turn, has led to an emphasis on learning, as adaptations are tested through experimentation at meso-scales, and results inform subsequent decisions and further experimentation where necessary (Clark et al., 2001; Holling, 1978; Stringer et al., 2006; Walters, 1986) . This literature suggests that systems move through distinct phases of development (the "adaptive cycle") in which periods of growth are often followed by periods of re-organisation, in which triggers (such as a slowly changing climate or faster changing variables such as extreme weather events or pest/disease outbreaks) may lead to a collapse of the current system (Berkes et al., 2002) . The ensuing phase is characterised by high levels of uncertainty and unpredictability, in which space is created for innovation. This in turn may then lead to growth once more, but in a different form to the social-ecological system that preceded it. Crucially, in the context of this paper, if this process of re-organisation was triggered by climate change, the new system should be well adapted to the new climatic regime, though it will likely be vulnerable to some other future perturbation, which may lead to the adaptive cycle repeating once more.
Both adaptive management and transitions management emphasise multi-stakeholder participation in the development of adaptation options, drawing on evidence that participation may enhance the quality and durability of environmental decisions, and potentially leads to better informed policy options, by drawing on a wider knowledge base (Reed, 2008) . In contrast to the sustainable livelihoods framework, adaptive management and transitions management emphasise adaptation to climate change over time and over multiple spatial scales.
Adaptive management emphasises the iterative process of experimentation in which those who adapt, learn from their experience and refine their adaptations over time. Transitions management takes a long-term view of adaptation, managing long-term transitions towards systems that are less vulnerable to climate change through the development and implementation of adaptation measures (including necessary institutional change), scaling up from small-scale experiments to societal levels. One of the benefits of transitions management is the way in which it institutionalises participation and learning by doing within the policy-making process. Although transitions management has been widely applied in the Netherlands, its application elsewhere has been more limited. However, there may be other ways to institutionalise lessons from both transitions management and adaptive management, to reduce vulnerability to climate change. For example, Scott (2013) show how spatial planning may be used to integrate and operationalise many of the concepts arising from literature on transitions management and adaptive management, alongside the ecosystem services framework. Spatial planning, it is argued may be able to draw on lessons from the past to consider multiple futures, engaging multiple stakeholders from local to national scales, in decisions about landscape governance, which could reduce vulnerability to climate change.
Synthesis
In summary, despite its shortcomings, the sustainable livelihoods framework offers a structured space in which to integrate and organise complementary theories and concepts about livelihood vulnerability to climate change. Natural capital from the livelihoods framework can be considered both as stocks of capital and flows of ecosystem services that may be affected differently by climate change. The effectiveness of climate change adaptation options may be measured by looking at the sensitivity of natural capital (and associated ecosystem services) and other capital assets, to the levels of climate change a system is exposed to. If a sustainable livelihood is built on maintaining critical levels of natural capital and associated ecosystem services, then the long-term viability and sustainability of adaptations may be measured by looking at their effect on natural capital and ecosystem service provision. However, adaptations based on past and existing responses to climate variability and change may have limited success under future conditions that have not been previously experienced. Innovation will therefore be necessary to develop adaptations that can reduce vulnerability to the twin challenges of climate change and poverty in the developing world. This may involve identifying and realising untapped ecosystem services or using existing assets and services in new ways.
A range of theories and concepts can help understand how such innovations are evaluated, refined and disseminated within livelihood strategies. For example, diffusion theory explores the way people make decisions about the adoption of innovative adaptations. Social learning helps explain how people learn about innovative adaptations in their social context, and how people learn about adaptations through interactions with those in their social network. Adaptive management addresses some of the perceived weaknesses of transitions management, and supports multi-stakeholder decision-making through iterative experiments to explore how adaptive options might play out in the socio-ecological system at multiple temporal and spatial scales. Rather than seeking to understand how adaptations are adopted and diffused through socio-ecological systems, transitions management seeks to identify transition pathways along which these systems can be actively transformed towards more sustainable futures. Adaptive management and transitions management show how livelihood strategies from livelihoods analysis (which are usually focused on the household scale) can be evaluated, refined and replicated to achieve adaptation at meso-and macro-scales.
This then takes adaptation into the realm of governance, where it is possible to recognise that many ecosystem services are in fact "common goods" that it is impossible to prevent people competing for, as part of the livelihood strategies. As Ostrom et al. (1999) and others have shown, the cooperative behaviour necessary to protect critical levels of natural capital depends on human motivation, rules governing use, and resource characteristics. Devising effective governance systems is akin to a co-evolutionary race in which the rules governing resource use are able to evolve with changing socio-ecological conditions. A set of rules crafted to fit one set of socio-ecological conditions may erode as social, economic and technological developments increase the potential for human damage to ecosystems and to the biosphere itself. Further, humans devise ways of evading rules. Thus, successful commons governance requires that rules evolve. Devising ways to sustain the Earth's ability to support diverse life, including a reasonable quality of life for humans, involves making decisions under uncertainty, complexity and substantial biophysical constraints as well as conflicting human values and interests.
An Integrated Analytical Framework
Despite the rich development and application of theories from disparate disciplines to understand the vulnerability of livelihoods to climate change, there has so far been little attempt to integrate insights from these different discourses. Given the clear complementarities between many aspects of the frameworks that have been reviewed so far, the following section attempts to carry out this integration. The goal is to develop an integrated analytical framework, from which new methodological approaches and insights can be derived, to better understand and reduce the vulnerability of livelihoods to climate change. Fig. 1 combines insights from each of the frameworks described in the previous section into an integrated analytical framework. The framework may be used as a diagnostic tool by development practitioners and others who need to appreciate levels of livelihood vulnerability to climate change. Following the definition of vulnerability in the introduction to Section 2, we consider adaptive capacity to be integral to determining vulnerability, hence the second two steps in the framework consider factors influencing the adoption of different adaptation strategies and the range of adaptation options that are available. Therefore, in addition to offering a "diagnosis" for the vulnerability of livelihoods to climate change, the proposed analytical framework should help development practitioners identify "treatments" that can help households and communities adapt effectively to the challenges they are likely to face in future. The following four broad steps can be identified: 1. Determine the likely level of exposure to climate change, and how climate change might interact with existing stresses and other future drivers of change; 2. Determine the sensitivity of stocks of capital assets and flows of ecosystem services to climate change; 3. Identify adaptation options and factors influencing decisions to develop and/or adopt different adaptation strategies, based on innovation or the use/substitution of existing assets; and 4. Identify and evaluate potential trade-offs between adaptation options.
The following sections explore each of these steps in turn.
Determine Climate Change Exposure and Interactions with Existing/Future Stresses
It is now well recognised that climate variability and change are just two of many current stresses on rural livelihoods (e.g., HIV/ AIDS, land degradation and demographic change). However, little attention has been paid to the way that the effects of climate change may be cumulative or may combine with other changes in the future, to create new and potentially unexpected challenges (van Aalst et al., 2008) . Ziervogel et al. (2006) suggest that focussing exclusively on climate change adaptation could divert attention from more urgent development needs if it emerges that other drivers play a more significant role in sustaining rural livelihoods. Thomas and Twyman (2005) argue that there is nothing "special" about climate change adaptation in comparison with adaptation to other changes. They draw on examples of past adaptation to changing policy amongst Inuit and Kalahari hunter-gatherer societies to show how adapting to policy change may be as important as adapting to climate change to maintain livelihoods. They also show that similar adaptation strategies may effectively address both challenges. Building on this, Fig. 1 starts by combining the effects of climate change and other future changes on livelihoods.
However, the likely impacts of climate change have usually been examined in isolation from other existing biophysical, socio-economic or policy contexts. Although this approach has been widely critiqued (e.g., Blaikie et al., 1994; Bohle, 2001; Hilhorst and Bankoff, 2004) , there have been few attempts at more integrated approaches, or "second generation vulnerability assessments" as Fussel and Klein (2006) call them. O'Brien and Leichenko (2000) and Leichenko and O'Brien (2002) combined exposure to 'double' risk factors, to show that climate change and globalisation further aggravated stress in a region. Various other existing stresses have been identified that are likely to increase vulnerability in combination with climate change through impacts on capital assets, for example weakening social ties, land degradation and lack of access to information (e.g., Aysan, 1993; Scoones, 2004) . These ongoing stresses are part of the wider socio-economic, political and environmental context in which livelihoods are made. For example, institutional regimes (including land tenure systems) and social norms (including taboos) influence people's access to capital assets that could form a basis for their livelihood. Sen (1981) declared that, "no famine has ever occurred in a functioning democracy", arguing that democracy may ensure a fairer distribution of resources. Others have built on this, arguing that democracies are more likely to fund social services for the poor that could, for example, acting as a safety net during drought (see Ross (2006) for a review). This biophysical, socioeconomic and policy context is analogous to the "transforming structures and processes" in the sustainable livelihoods framework. The assets used in any livelihood strategy depend on the contextual factors that determine access to them, e.g., the existence of extensive private grazing reserves means little to a communal pastoralist who does not have access rights. These contextual factors also determine the level of asset endowment, e.g., in terms of environmental context, semi-arid rangelands will provide less forage per unit area than temperate grasslands. As such, these are grouped under "current context" in parallel with "future change" as inputs that determine availability of capital assets in Fig. 1 .
Although there is extensive research about how current environmental, socio-economic and policy contexts influence livelihoods, there have been few attempts to consider how future contexts might combine with climate change to influence future access to livelihood assets and adaptation strategies. Research needs to identify likely future trends and allow for unexpected scenarios (arising from "non-linear" behaviour) that might combine with the effects of climate change in particularly noteworthy ways. Such information will enable stakeholders to identify and prepare for futures in which climate change combines with other key drivers to produce important challenges for livelihoods.
Determine Sensitivity of Capital Assets and Ecosystem Services to Climate Change
Rather than considering the effects of climate change on livelihoods as a function of the effects on natural capital and ecosystem services (e.g., as done by IPCC, 2001a IPCC, , 2001b , the sustainable livelihoods framework recognises that climate change can directly affect livelihoods and vice versa. This may occur indirectly through effects of climate change on natural capital and knock-on effects on physical, human, social and financial capital. However, climate change may also directly affect these other assets, e.g., weakening social networks through heat and disease-vector related illness and mortality, or rendering physical infrastructure (e.g., existing flood defences) obsolete. In this way, the livelihoods framework recognises the diverse range of likely effects on different livelihoods at a household scale, rather than assuming similar effects of climate change across specific agro-ecosystems or homogeneous communities (c.f., van Aalst et al., 2008) .
Sustainability indicators offer one way of quantifying the sensitivity of capital assets to climate change . They can be used in a quantitative manner, accurately measuring indicators in relation to empirically determined thresholds and baselines (e.g., long-term monitoring of specific pollutants against agreed limits in water courses). Alternatively, indicators can be used more qualitatively by stakeholders to evaluate the effects of climate change and monitor progress towards livelihood goals (e.g., observing the appearance of indicator species and changing land management accordingly). Reed (2008) and Reed et al. (2013a) show how local and scientific knowledge can be integrated to develop empirically robust indicators that can be used easily and effectively by local stakeholders to monitor change. Crucially, sustainability indicators can not only monitor ongoing effects of climate change on livelihoods, but also enable stakeholders to monitor the effectiveness of the adaptation options they adopt. Feedback from indicator-based assessments can then be used as a basis for modifying adaptations or adopting alternative adaptations . For example, improved rangeland management is proposed as an adaptation to climate change in Botswana's National Action Plan under the United Nations Framework Convention on Climate Change , and a wide range of sustainability indicators have been developed (e.g., focusing on vegetation change, livestock health and soils) that can be used by local communities to monitor the success of this form of adaptation .
This feedback between adaptation strategies and capital assets is captured by the arrow between vulnerability to socio-ecological change and capital assets in Fig. 1 . The long-term viability of adaptation strategies will depend upon the way that adaptations affect capital assets, including stocks of natural capital and the subsequent flow of ecosystem services. Using sustainability indicators representing each of the capital assets and a range of ecosystem services, it should be possible for development practitioners and others to gain a holistic understanding of the likely effects of adaptation strategies on these assets and services.
Identify Factors Influencing Decisions to Develop/Adopt Adaptations
Many adaptations to climate change depend on using capital assets in different ways, or substituting between capital assets. It is therefore essential to understand how climate change is likely to affect this asset base in order to understand how it will influence future adaptive capacity (see previous section). It is also necessary to understand how climate change is likely to influence people's ability to access or substitute between assets. However, this is only one way of assessing adaptive capacity. To better understand the factors influencing future adaptation strategies, it is essential to better understand the decision-making processes through which people choose to adapt.
By assessing the sensitivity of livelihood assets to climate change, the livelihoods framework provides an analytical construct for assessing the need and capacity for people to adapt their livelihoods under future change. The perceived need to adapt to climate and other socioecological change is based on: i) the sensitivity of the livelihood to climate change (the link between capital assets and satisfaction with livelihood in Fig. 1) ; and ii) the aspiration level of the person making the livelihood (which may vary between different components of a person's livelihood). This views livelihood decisions as aiming for a satisfactory outcome (defined by an aspiration level) rather than necessarily the optimal outcome (a process sometimes called "satisficing" ; Simon, 1955 Simon, , 1956 . If a livelihood is not particularly sensitive to climate change, then there is little need to adapt to climatic drivers (it may still be necessary to adapt to other changes, for example in policy). This is represented by the "do nothing" option in Fig. 1 . If the livelihood is sensitive to climate change, a reduction in assets may be deemed acceptable to an actor with a low aspiration level who would perceive no need to adapt (this would also lead to "doing nothing"). In this case, the livelihood is not vulnerable to the sorts of socio-ecological changes that are likely under future climate change (the arrow between "do nothing" and "vulnerability to socio-ecological change" makes this link). However, the same reduction in assets may stimulate a search for adaptive options by the same actor if their aspiration levels were higher. Different adaptation options may be necessary to meet different aspiration levels. In this context, adaptation may be used to improve rather than simply maintain livelihoods in the face of future change (Ziervogel et al., 2006) .
If households no longer deem livelihood outcomes satisfactory, then they are likely to start searching for livelihood adaptation options, which each individual within the household will evaluate against their decision rules. Fig. 1 simplifies this as a choice between: i) adopting adaptations based on new ways of using or substituting between existing assets; or ii) developing new assets. Fig. 1 shows how these adaptations are evaluated against the decision rules held by different individuals, including an evaluation of each adaptation and the likely interactions between adaptations (Section 3.4). In some cases, opportunities to develop new assets and associated livelihood options may arise as a consequence of climate change, for example cultivating biofuels. Although these adaptations may have been tried elsewhere, they are innovations in a new context or environment or for a different social group. As such, it may be useful to think about the evaluation of adaptation options as an innovation-decision, in which the perceived relative advantage, trialability, compatibility, observability, complexity and adaptability of different options are evaluated against each other and current practice ( Fig. 1 ; c.f. Reed, 2007; Rogers, 1995) . The literature on social learning and the diffusion of innovations emphasises the fact that such decisions are evaluated in a social context. For example, people's decisions are influenced by others to whom they are socially tied. Social networks, in other words, influence how individuals learn and consequently make decisions (Prell et al., 2009) . This happens for a number of reasons: social psychology and social network analysis research shows that individuals tend to adapt their views to those around them as a way to decrease cognitive dissonance (Cross and Parker, 2004; Friedkin, 1998; Homans, 1950; Mark, 2003; Ruef et al., 2003; Skvoretz et al., 2004; Snijders, 2005) . Individuals feel uncomfortable having relationships with others with whom they disagree, and will therefore modify their views (or the relationship) accordingly. In a more general sense, as individuals interact with one another over time, they mutually learn from one another, influence one another, and tend to become more similar in their views (Burt, 2001; Davidson-Hunt, 2006; Raffles, 2002; Valente and Davis, 1999 ). People's decisions are also determined by their capacity to use adaptations (e.g., access to technology, skills, and resources) (e.g., UNEP, 1998 UNEP, , 2001 ). Although there have been attempts to incorporate such criteria in the evaluation of adaptations (e.g., Ziervogel et al., 2006) , it is difficult to incorporate the way preferences for adaptations differ between actors and change over time in response to multiple factors.
For this reason, complex models of human behaviour are increasingly being developed to understand how individuals evaluate options and make decisions in their social context. Emergent behaviours can appear when a number of simple agents operate in an environment, forming more complex behaviours as a collective. The complex behaviour is not a property of any individual, nor can they easily be predicted or deduced from behaviour in the lower-level entities: they are irreducible. For example, landscape architects often will not route the pavements connecting a complex of buildings. Instead they will let usage patterns emerge and then place pavement where pathways have become worn in. Agent-based models mimic emergent behaviours by simulating the actions and interactions of autonomous individuals in a social network (this can be based on empirical inputs from interviews), and can be used to simulate likely adoption of different adaptations to climate change in a community or wider social network (e.g., Berman et al., 2004; Bharwani et al., 2005; Schneider et al., 2000) . Although many agent-based models are theoretical in nature, using hypothetical decision-rules, it is possible to derive decisionrules from field-based data (e.g., Chapman et al., 2009; Reed et al., 2013b) statistically derived decision rules from interviews with land managers. This is important because first generation impact assessments (e.g., Schneider and Chen, 1981) did not account for the likelihood that people would adapt and so modify the actual effects of future climate change (Rosenberg, 1992) . Agent-based approaches recognise that such behaviour is not necessarily "optimising" or "rational". This is particularly important in environments that are naturally exposed to a high degree of climate variability, where variation can mask more gradual trends and delay adaptive responses, or lead to maladaptation due to "false starts" (Schneider et al., 2000: 204) . Agent-based models are able to capture adaptation to climate variability in addition to climate change, as shown in work by Bharwani et al. (2005) and Ziervogel et al. (2006) investigating responses to forecasts as an adaptation to climate variability over time.
Evaluate Potential Trade-offs Between Adaptations
Finally, before adaptations are implemented, development practitioners may wish to evaluate potential trade-offs between adaptations, so that complementary bundles of adaptations can be implemented together, to reduce vulnerability to climate change.
Due to the focus on learning from past and current adaptations to climate variability and extremes, most adaptation work has tended to focus on reactive adaptation (to climate change as it occurs), rather than anticipatory or planned adaptation (to reduce vulnerability to future climate change) (Schneider et al., 2000; Smith and Lenart, 1996; Tol et al., 1998) . However, the use of planned strategies has been shown to enhance adaptation (IPCC, 2007) . Anticipatory adaptation may be focused solely on climate change, or may also be justified for other reasons (e.g., poverty alleviation); the latter is sometimes referred to as "no-regrets" adaptation (Smith and Lenart, 1996; Tol et al., 1998) . Anticipatory adaptation responses are undertaken by either public (e.g., governments) or private agents (e.g., farmers) with diverse objectives (Adger et al., 2005) .
Anticipatory adaptation options can be evaluated through the sort of generic principles that are usually applied to policy appraisal, for example seeking to promote legitimate, effective, equitable, efficient and legitimate action (Adger et al., 2005) . Therefore any evaluation of adaption options should be user and context-specific, and based on the objectives of each group. Various methodologies have been proposed to help evaluate adaptation options. These include the use of economic and bio-physical models (e.g., Carter, 1996) , which enable the integration of economic, social and environmental objectives. By coupling models such as agent-based models with biophysical and climate models, it is possible to model which adaptation options are likely to be adopted where, and consequently how they may mitigate the effects of climate change (Chapman et al., 2009; Podesta et al., 2008) . They have the capacity to identify the key socio-economic characteristics that drive agents to adopt different adaptations in different geographical areas. They can also be used to investigate the likely effects of policy interventions and other future scenarios on the uptake of specific adaptations.
Evidence from studies of adaptations to past and current climate variability and extremes shows that adaptation options are rarely adopted singly (e.g., Reid and Vogel, 2006; Stringer et al., 2009) . Instead, bundles of complementary adaptation options are adopted together, overlapping in time and space, in an attempt to address the multiple outcomes of climate change for socio-ecological systems. However, not all adaptation options are necessarily compatible with one another, and an important final step is to investigate in advance the likely aggregate effects when anticipatory adaptations are combined. For example, planting biofuels may be a relevant adaptation to maintain income under a changing climate, but may not be compatible with adaptations designed to increase food security. On the other hand, planting woody biofuels on degraded rangeland (that can support little else) might avoid such a trade-off. In this way, it should be possible to facilitate the development of complementary bundles of options to reduce livelihood vulnerability to climate change that reduce trade-offs and enhance synergetic benefits for poverty alleviation.
Conclusions
The analytical framework proposed in this paper is not unique to climate change; it should be possible to apply it to understand the vulnerability of livelihoods to a wide range of socio-ecological shocks and changes. It should also be possible to use this integrated framework to identify and target no-regrets anticipatory climate change adaptation options. This framework explains livelihood vulnerability to climate change through: i) the sort of integrated scenarios proposed in Section 3.1; ii) that play out in people's livelihoods through the changing availability of capital assets (Section 3.2); iii) take account of the complex, context-specific factors that influence the development and adoption of adaptations by different individuals (Section 3.3); and iv) consider potential trade-offs between potential adaptation options.
To properly evaluate the proposed framework, interdisciplinary, field-based research is necessary. Focusing on climate change, such research needs to understand how potential effects of climate change might be modulated by interactions with other future socio-ecological changes. Scenarios that combine climate change with multiple other likely drivers of change do not currently exist but are essential to enable poor societies to adapt effectively. By better understanding how individuals are likely to behave in response to such scenarios, it may be possible to develop adaptation strategies that can achieve more widespread uptake. Research also needs to investigate trade-offs between adaptation options to enhance understanding of their aggregate effects on ecosystem services. This will allow the development of complementary bundles of adaptation options that reduce trade-offs and enhance synergistic benefits for poverty alleviation and ecosystem service conservation. Although it is clear that cultural factors will shape adaptation options and influence their uptake, less is understood about the effect of climate adaptation strategies on the flow of cultural ecosystem services. Finally, research is needed to identify and evaluate currently untapped ecosystem services that may be combined with existing assets to provide new livelihood options that can reduce poverty whilst also increasing resilience. Although adaptation strategies often involve substitution between assets to sustain livelihoods (e.g., liquidating natural capital like forests to generate financial capital), innovative adaptation and poverty alleviation options may also emerge by exploiting hitherto untapped assets (e.g., enhancing natural capital in the form of carbon stocks by marketing the carbon sequestration potential of new adaptation options).
